An "on-off-on" mode was developed for the detection of mercury ion (Hg 2+ ) and glutathione (GSH) with high sensitivity and selectivity based on the nitrogen-doped carbon dots (N-CDs) fluorescent probe. The N-CDs were synthesized through microwave treatment of citric acid and diethylenetriamine for 2 min, and exhibited excellent fluorescence properties and high quantum yield (27.7%). The fluorescence intensity of the N-CDs could be significantly quenched by Hg 2+ (turn-off ). Upon addition of GSH, the fluorescence intensity of the N-CDs-Hg 2+ system could be recovered clearly (turn-on). The limit of detection of Hg 2+ and GSH was 23 and 59 nM, respectively. Moreover, the "on-off-on" probe was successfully applied to the determination of Hg 2+ in tap water and water from the Yellow River. Meanwhile, due to bright luminescence, good biocompatibility and low cytotoxicity, the N-CDs-based probe was successfully employed as visualizing the intracellular Hg 2+ and GSH sensors in live HeLa cell.
Introduction
Heavy metal ion pollution has become a critical worldwide issue due to the associated great damage to the environment and living organisms even at low concentrations. 1 As one of the toxic heavy metals, Hg 2+ can accumulate in the human body through multiple sources, particularly the diet. Further, Hg 2+ could easily pass through biological membranes and cause serious damage to the central nervous and endocrine systems. 2 Therefore, it is very important to detect the content of Hg 2+ in the environment and cells.
Glutathione (GSH), a strong Hg 2+ chelator, plays a critical role in biological systems and serves many cellular functions. More importantly, abnormal levels of GSH have been found to be directly linked to a number of diseases, such as diabetes, Parkinson's, Alzheimer's and human immunodeficiency virus (HIV). [3] [4] [5] Therefore, sensitive and selective detection of GSH is very important for early diagnosis of these diseases.
Up to now, a variety of optical sensors, such as functionalized gold nanomaterials, 6 rhodamine derivative 7 and nanocomposites, 8 have been used to detect Hg 2+ and GSH because of their simplicity, rapid analysis, and non-destructive nature. Unfortunately, these optical probes often suffer from timeconsuming synthesis routes, and involve toxic or expensive reagents. Recently, Xu et al. proposed a switch-on fluorescence sensor for GSH using a graphitic carbon nitride quantum dot (g-CNQD)-Hg 2+ chemosensor. 9 Despite its outstanding features, the preparation of g-CNQD takes a long time. Hence, there is still a pressing need to develop new materials for the sensitive and selective detection of Hg 2+ and GSH that is facile, low in toxicity and applicable for the environmental and biological milieus analysis.
The fluorescent carbon dots (CDs), as a new type of fluorescent nanomaterials, have attracted worldwide attention in recent years. Compared with conventional organic dyes and semiconductor quantum dots, CDs are superior in terms of excellent photostability, high aqueous solubility, strong and tunable luminescence, favorable biocompatibility and low toxicity. [10] [11] [12] [13] [14] In consequence, CDs have been widely used in sensing, 15 bioimaging, 16 photocatalysis 17 and energy conversion. 18 Many approaches for the synthesis of CDs also have been reported. [19] [20] [21] [22] [23] [24] Among them, the microwave method is regarded as an efficient way to obtain CDs. Because of the intensive and efficient energy, the method can achieve the synthesis of nanomaterials in an extremely short time. 23 However, the microwave synthesis of CDs suffers from low quantum yield (QY) generally. Furthermore, the detection of Hg 2+ and GSH normally requires an ultrasensitive optical probe. Hence, it is worthwhile to obtain CDs with strong photoluminescence (PL) performance within a short time that can be used as an effective fluorescence probe for the fast detection of Hg 2+ and GSH. Herein, high QY nitrogen-doped CDs (N-CDs) with blue emission can be obtained by using citric acid and diethylenetriamine through the microwave method within 2 min. Moreover, the as-prepared N-CDs can be an effective fluorescent probe for the sensitive and selective detection of Hg 2+ based on the fluorescence quenching method. On that basis, the fluorescence of the N-CDs will recover due to the formation of Hg-S bond between Hg 2+ and GSH. Accordingly, the N-CDsHg 2+ system can be used as a probe for the detection of GSH. The feasibility of the analysis of Hg 2+ by using the N-CDs was also demonstrated by quantifying Hg 2+ spiked in water samples.
Furthermore, the N-CDs were used to monitor the changes of Hg 2+ and GSH in the cell successfully.
Experimental

Reagents and chemicals
Citric acid anhydrous (CA) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Diethyl enetriamine (DETA) was purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Hg(NO3)2 and reduced glutathione were purchased from Aladdin Shanghai Biochemical Technology Co., Ltd. (Shanghai, China). All reagents were of analytical reagent grade and used without any further purification. Ultrapure water used throughout the experiment was supplied by the Milli-Q water purification system (Millipore Corporation, Bedford MA) and resistivity was 18.25 MΩ·cm.
Apparatus
The PL spectra were obtained by an F97Pro fluorescence spectrophotometer (Shanghai Lengguang Technology Co., Ltd., Shanghai, China). Ultraviolet visible (UV-vis) absorption spectra were analyzed by UV2800SPC UV-visible spectrophotometer (Shanghai Hengping Scientific Instrument Co., Ltd., Shanghai, China). Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images were obtained by FEI Tecnai G2F30 (FEI Company, USA). X-ray photoelectron spectroscopy (XPS) spectra were measured by a PHI-5720 multifunctional spectrometer (Spectra-Physics Inc., USA) using AI K radiation. X-ray diffraction (XRD) spectra were recorded using an X'Pert PRO diffractometer (Panalytical, Netherlands). Fourier transform infrared spectroscopy (FT-IR) was observed using a NEXUS 670 (Nicolet, USA). Dynamic light scattering (DLS) was measured by BI-200SM (Brookhaven, USA). Cell imaging was observed using a research-grade upright fluorescence microscope, BX53 (Olympus, Japan).
Synthesis of N-CDs
N-CDs were prepared as follows: In a conical flask (50 mL), CA (0.5 g) and DETA (565 μL) were dissolved in ultrapure water (4.5 mL) under ultrasonic conditions. Then the mixture was heated for 2 min in a household microwave oven operating at a power of 700 W. After the reaction, the product was cooled down to room temperature naturally and was dispersed with H2O (10 mL) by ultrasound. The obtained N-CDs were further purified in H2O using a dialysis membrane (molecular weight cut-off = 500) for 24 h to obtain the brown-yellow solution of the N-CDs, and the yellow powder of the N-CDs was obtained through vacuum drying at 60 C.
Fluorescent determination of Hg 2+ and GSH
In a typical assay, the N-CDs powder was dispersed in H2O as stock solution (0.025 mg/mL), and then 3 mL stock solution of N-CDs was added in a quartz cuvette, followed by the addition of different concentrations of Hg
2+
. After 2 min, the PL emission spectra were recorded with an excitation wavelength of 360 nm at room temperature. The selectivity for Hg 2+ was confirmed by adding other metal ions solutions instead of Hg 2+ in a similar way.
The detection of GSH was performed in H2O, the stock solution of N-CDs was firstly mixed with Hg 2+ (30 μM), then different amounts of GSH were added into the N-CDs-Hg 2+ system. The fluorescence spectra were recorded after 2 min at 360 nm (λex) at room temperature. The detection procedures for other amino acids and interferences were similar to GSH. 2+ and GSH HeLa cells were cultured in a 1640 medium containing 10% fetal bovine serum supplemented with 100 units/mL penicillin and 100 mg/mL streptomycin in an incubator at 37 C with 5% CO2. The cell viability was measured using the MTT assay (Supporting Information). For cell imaging studies, the HeLa cells were seeded on a coverslip in a 12-well plate 24 h before use. The dispersion of the N-CDs was prepared in 1640 medium with a concentration of 25 μg/mL and the cells were incubated with the dispersion of the N-CDs in culture medium for 2 h at 37 C. After the cells were washed three times with phosphate buffered saline (PBS), the fluorescent images were acquired. Then, 20 μM Hg 2+ was added and incubated for 10 min. The cells were imaged again after washing the culture medium three times with PBS. Finally, 30 μM GSH was added to the cell culture with N-CDs-Hg
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, and the cells were incubated for another 30 min. Fluorescent images of living cells were obtained by the upright fluorescence microscopy.
Results and Discussion
Highly fluorescent N-CDs were synthesized using CA and DETA as reactants. The N-CDs possess bright blue fluorescence and the QY can reach 27.7%. Furthermore, the N-CDs can be used as an effective "on-off-on" fluorescent probe for the detection of Hg 2+ and GSH (Scheme 1).
Scheme 1 Schematic of the fabrication of the N-CDs and sensing process of Hg 2+ and GSH.
Characterization of N-CDs
Morphological characterization of N-CDs was performed by TEM. It clearly shows that N-CDs are monodispersied and the near spherical morphology of nanoparticles, as well as the relative narrow size distribution ranging from 5 to 7 nm (Fig. 1A) . Lattice fringes with a spacing of 0.203 nm were clearly observed from the HRTEM image (inset in Fig. 1A) . The size and monodispersity of N-CDs are further evidenced by the DLS measurements (Fig. 1B) , their size is about 4 -8 nm with an average diameter of 5.8 nm, which is consistent with the results of TEM. In order to better understand the crystal structure of N-CDs, XRD spectra were recorded carefully. From Fig. 1C , one evident peak at 20 was observed in the XRD of N-CDs, which was due to the amorphous carbon. 25 The FT-IR spectrum revealed the presence of many functional groups on the surface of the N-CDs. The broad peaks at 3403 and 3083 cm -1 could be corresponding to stretching vibrations of O-H and N-H. The peak at 2936 cm -1 could be assigned to the stretching vibration of C-H. The peak at 1655 cm -1 results from the stretching vibration of C=O. The peak at 1561 cm -1 could be ascribed to the bending vibration of N-H. The peak at 1440 cm -1 could be assigned to the stretching vibration of C-N.
The surface composition of the N-CDs was further confirmed by XPS. As shown in Fig. S1A (Supporting Information), the three peaks at 284, 398, and 530 eV shown in the XPS spectra of the N-CDs can be attributed to C1s, N1s, and O1s, respectively. The C1s high-resolution XPS spectra (Fig. S1B , Supporting Information) reveals three peaks at 283.4, 284.7 and 286.7 eV, which can be attributed to C-C, C-N and C=O groups, respectively. Two peaks shown in the O1s spectra at the binding energy of 529.7 and 530.8 eV can be attributed to C=O and C-OH/C-O-C groups (Fig. S1C, Supporting Information) . The N1s spectra (Fig. S1D, Supporting Information) shows two peaks at 398.5 and 399.9 eV that indicate that nitrogen existed mostly in the form of O=C-N and C-N groups. 26, 27 All above results indicated that the surface of the as-prepared N-CDs was passivated by multiple oxygenated and nitrous groups. The UV-vis absorption and PL spectra of the N-CDs are shown in Fig. 2A . It can be seen that the N-CDs in aqueous solution have two typical UV-vis absorption peaks at ~240 and ~360 nm, respectively. The absorption band at 240 nm is attributable to π-π* transitions of the aromatic C=C sp 2 domains, which can not produce observed fluorescence signal, while the other absorption peak about 360 nm is due to the trapping of excited-state energy by the surface states and results in strong emission at 450 nm. 28 From the photographs revealed in Fig. 2A inset, the transparent diluted N-CDs aqueous solution emits very intense bright blue luminescence under UV light. The strongest fluorescence emission band, located at 450 nm, is observed under 360 nm excitation and has a high fluorescent QY of 27.7% (quinine sulphate as a reference). Moreover, the emission peaks of the N-CDs at various excitation wavelengths showed no evident shift and remained at 450 nm, which indicated that the emission wavelength of the N-CDs was independent of the excitation wavelength (Fig. 2B) .
In order to better apply findings to the analysis and for detection, the optical properties of the N-CDs were investigated. The fluorescence intensities of the N-CDs at different pH values are reported (Fig. S2A, Supporting Information) . It can be observed that the PL of the N-CDs is strong and stable at a wide range of pH values from pH 4.0 to 8.0. However, when the pH value is lower than 4 or more than 9, the PL intensities decrease gradually. The surface groups of the N-CDs may be transformed by the strong acid or strong alkali, resulting in the fluorescence quenching. 29, 30 To affirm the stability of the N-CDs under high ionic strength environments, their PL intensities were measured in the presence of different concentrations of NaCl at pH 7.0 (Fig. S2B, Supporting Information) . Only a slight change in the PL intensity is observed, which demonstrated that high ionic strength can not affect the fluorescence intensities of the N-CDs very much. As shown in Fig. S2C (Supporting Information), when the sample was scanned for 6 h continuously, the PL intensity of the N-CDs barely changed. when the N-CDs were irradiated for 5 h with UV light continuously, it can be obtained that the PL of the N-CDs changed less than 6% (Fig. S2D , Supporting Information). In general, these results indicate excellent stability of the as-prepared N-CDs, which make the N-CDs particularly valuable for practical application in metal ions detection and bioimaging.
Fluorescence detection of Hg
2+
As observed before, the N-CDs satisfy the requirements of a fluorescent probe. We explored the feasibility of using the proposed N-CDs for Hg 2+ detection. As shown in Fig. 3 , the N-CDs solution in the absence of Hg 2+ exhibits a strong PL peak at 450 nm. In contrast, the PL intensity of N-CDs obviously decreases in the presence of Hg 2+ ions. The quenching mechanism should be attributable to electron or energy transfer. 31, 32 The corresponding relationship between PL intensity and absorption of the N-CDs indicated the validity of the PL detection method (Fig. S3, Supporting Information) .
For selectivity study of the N-CDs towards different metal ions, two comparative experiments were performed. Firstly, the possible interfering metal ions were added into the N-CDs aqueous solution, , respectively, at the same concentration of 30 μM. Only Hg 2+ could induce a substantial decrease in the PL intensity of the N-CDs (Fig. 4A) .
The results shown in Fig. 4B indicate that other metal ions showed no interference towards the determination of Hg 2+ . The above results strongly demonstrated that the N-CDs have excellent selectivity toward Hg 2+ sensing. More experimental evidence is needed to determine the exact origin of the selectivity of the prepared N-CDs. However, the chelation of N,Ocontaining groups with Hg(II) and reduction of Hg(II) are thought to be the most plausible explanations.
Besides selectivity, sensitivity is also an important parameter to evaluate the performance of the sensing system. For the sensitivity study, different concentrations of Hg 2+ in the range of 0 -100 μM were investigated. Figure 4C reveals that the N-CDs showed excellent sensitivity to determining Hg 2+ . A good linear correlation over the range from 0 to 25 μM was obtained (Fig. 5B) . The limit of detection (LOD) was estimated to be 23 nM (~5 ppb) at a signal-to-noise ratio of 3, which is lower than the maximum contamination level of Hg 2+ in drinking water permitted by the World Health Organization (WHO, 6 ppb). 33, 34 The superior sensitivity is much better than those for previous reported probes (Tables S1 and S2, Supporting Information). All these observations indicated that the N-CDs fluorescent sensing probe exhibits very promising application toward Hg 2+ detection.
Fluorescence detection of GSH
GSH plays an important role in biological processes. Furthermore, GSH also is a strong Hg 2+ chelator. When GSH is added, Hg 2+ can be removed from the surface of the N-CDs by forming Hg-S bond with GSH, which results in the PL restoration of the N-CDs (Fig. 3) . Accordingly, the N-CDsHg 2+ system can be considered as a probe for the detection of GSH. To evaluate the selectivity of GSH, the PL responses to amino acids were also investigated. As shown in Figs. 5A and 5B, the influence of amino acids can be discounted. Therefore, the N-CDs-Hg 2+ system with high selectivity offers promise for the efficient detection of GSH.
For a sensitivity study, the fluorescence intensity of the N-CDs-Hg 2+ was gradually strengthened by increasing GSH concentration (Fig. 5C) , revealing that the system was sensitive to GSH concentration. The value of (I -I0)/I0 increased gradually with increasing GSH concentration (Fig. 5D) , and the inset of Fig. 5D shows a linear relation of (I -I0)/I0 with concentrations of GSH in the range from 0 to 25 μM. The LOD was estimated to be 59 nM based on three times signal-to-noise ratio. Consequently, the above results demonstrated that the N-CDs-Hg 2+ system should be suitable for probing GSH in practical samples. 
The reversibility of fluorescent sensors
The reversibility of fluorescent sensors is one of the important indicators to evaluate its potential applications. In order to study the fluorescent reversibility of the N-CDs, 30 μM Hg The fluorescence switching operation can be repeated for 10 consecutive cycles without fatigue, indicative of good reversibility of the two-way switching processes.
Determination of Hg
2+ in practical samples The feasibility of N-CDs for detecting Hg 2+ was validated in tap water and water samples from the Yellow River. The pretreatment process of samples is shown in Supporting Information. The water samples were spiked with standard solutions containing different concentrations of Hg 2+ . The results are shown in Fig. S5 and Table S3 (Supporting Information). The recoveries for the two water samples were 97.2 -103.8%. In addition, the relative standard deviation (RSD) of Hg 2+ was in the range of 0.89 -1.12%. These results imply that the N-CDs chemosensor could be efficiently used for the determination of Hg 2+ in real environmental samples. 2+ and GSH The toxicity of nanomaterials is crucial for their biomedical applications, thus the toxicity of N-CDs and N-CDs-Hg 2+ was studied by using HeLa cell lines. The cell viability was estimated to be greater than 85% even though the concentration of N-CDs was increased to 200 μg/mL (Fig. S6A, Supporting  Information) .
Cytotoxicity and intracellular sensing of Hg
As illustrated in Fig. S6B (Supporting Information), the cell viability was over 80% even when the concentration of N-CDs-Hg 2+ reaches 200 μg/mL (equivalent Hg 2+ concentration is 0.24 mM). High cell viability confirmed that the N-CDs and the N-CDs-Hg 2+ have low toxicity and prominent biocompatibility, which make them ideal materials for monitoring Hg 2+ and GSH, respectively, in living cells. In order to determine the capability of the N-CDs-based fluorescent probe in the biological field, HeLa cells were used as the models to explore the possibility of using N-CDs for the detection of Hg 2+ and GSH in living cells. The fluorescent microscopy image of untreated cells shows no PL (Fig. 6E) . After being labeled with N-CDs, the microscope image exhibited the bright blue luminescence (Fig. 6F ). After addition of Hg 2+ to cells, the PL intensity decreased obviously (Fig. 6G) . The result agreed well with the PL response of N-CDs to Hg 2+ . Moreover, exogenous GSH was introduced into the [N-CDsHg 2+ ]-pretreated HeLa cells. A fluorescent image showed significant PL recovery (Fig. 6H) . All these results demonstrate that the N-CDs-based fluorescent probe was membrane permeable and could be used to visualize the Hg 2+ and GSH in living cells. It should be mentioned that the waste from this operation should be treated as heavy-metal containing solution to avoid mercury contamination.
Conclusions
In summary, N-CDs with excellent PL properties were synthesized through microwave treatment of CA and DETA for 2 min. The prepared N-CDs displayed strong fluorescence quenching response to Hg
2+
. After the addition of GSH, the fluorescence recovered noticeably. Based on this phenomenon, the N-CDs were employed for the "on-off-on" detection of Hg 2+ and GSH with high sensitivity and selectivity. The application of the N-CDs for the detection of Hg 2+ and GSH in the samples was also achieved successfully. The N-CDs possess good biocompatibility and low cytotoxicity, which are promising for the determination of Hg 2+ and GSH in biological samples.
Supporting Information
The MTT assay and the pretreatment of practical samples are displayed. The XPS spectra (Fig. S1 ) and the stability of the N-CDs (Fig. S2) are given. Figure S3 shows the corresponding relationship between PL intensity and absorption of the N-CDs at 360 nm (λex). The reversibility of the N-CDs by alternately adding Hg 2+ and GSH is shown in Fig. S4 . The results of the determination of Hg 2+ in practical samples are shown in Fig. S5 and Table S3 . Figure S6 indicates the cytotoxicity of the N-CDs and the N-CDs-Hg 2+ . Table S1 shows the comparison of sensing performance of different fluorescent probes for Hg 2+ detection. Table S2 shows the performance comparison of different sensors for the detection of Hg 2+ . This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
